Abstract Considerable work has been carried out on overlay bond coats in the past several decades because of its excellent oxidation resistance and good adhesion between the top coat and superalloy substrate in the thermal barrier coating systems. Previous studies mainly focus on oxidation and diffusion behavior of these coatings. However, the mechanical behavior and the dominant fracture and deformation mechanisms of the overlay bond coats at different temperatures are still under investigation. Direct comparison between individual studies has not yet been achieved due to the fragmentary data on deposition processes, microstructure and, more apparently, the difficulty in accurately measuring the mechanical properties of thin coatings. One of the miniaturized specimen testing methods, small punch testing, appears to have the potential to provide such mechanical property measurements for thin coatings. The purpose of this paper is to give an overview of using small punch testing to evaluate material properties and to summarize the available mechanical properties that include the ductile-to-brittle transition and creep of MCrAlY bond coat alloys, in an attempt to understand the mechanical behavior of MCrAlY coatings over a broad temperature range.
Introduction
The trend toward higher gas turbine efficiency means that there is a continuous demand in increasing the turbine gas inlet temperatures. The gas temperature in modern gas turbine engines could well exceed 1650°C in the turbine section, with self-cooled parts reaching temperatures at 1050°C or even higher (Ref 1). During service, gas turbine blades are exposed to thermal loading, oxidizing and corrosive environment. It has been increasingly difficult for the superalloy components to maintain the required hightemperature strength and satisfied chemical stability (Ref 2) . Thus, thermal barrier coating (TBC) systems are widely used to protect superalloy substrates from these harsh operating environments . A typical TBC system that deposited onto the superalloy substrates is a multilayer coating system which consists of a thermal insulating ceramic top coat, an aluminum-rich bond coat between the top coat and the substrate as illustrated in Fig. 1 . In addition, a thermally grown oxide (TGO), predominantly alumina, forms at the interface between the top coat and the bond coat during service at elevated temperatures and, meanwhile, an interdiffusion zone (IDZ) develops at the bond coat/superalloy interface (Ref [9] [10] [11] [12] [13] . In the past 30 years, work concerned on increasing the durability of TBCs to resist mechanical and chemical degradation has been reported extensively (Ref 14) . It is widely recognized that the failure of TBCs is due to the combination of thermal expansion mismatch stress, buildup of stress from the TGO growth and external thermal-mechanical strain (Ref [15] [16] [17] [18] [19] [20] [21] . Hence, maintaining the mechanical integrity of the multilayer TBC system is one of the major challenges in the coating lifetime. Since the failure of TBCs is closely related to the yield, ductility and creep characteristics of the bond coat, the mechanical behavior of such coatings is crucial to the durability of the overall system (Ref [22] [23] [24] .
The mechanical characteristics of the bond coat largely depend on the coating microstructure, in-service temperature as well as the coating thickness (Ref 25) . Bond coats are typically either of the diffusion aluminide type or the overlay MCrAlY type (M=Co and/or Ni) and can comprise, for example, fcc c-Ni, ordered c 0 (Ni 3 (Al, Ti) and bcc B2 b-(Ni, Co)Al phases (Ref 26, 27) . The amount of phases present in the bond coat, such as b, c 0 and r phases, can have a significant influence on the high-temperature mechanical performance of TBCs (Ref 28, 29) . The bcc b phase, commonly present in the bond coat alloys, is brittle at low temperatures and exhibits increasing ductility above a critical temperature termed the ductile-to-brittle transition temperature (DBTT) (Ref 30) . Furthermore, the strain tolerance of the coating is affected by the coating thickness since thin bond coats (typically *200 lm thick in TBCs) behave quite differently from the monolithic alloys of the same chemistry at elevated temperatures (Ref 31) . It is therefore important to determine the mechanical characteristics of the coatings with thicknesses close to TBC applications. However, previous studies mainly focus on the oxidation behavior and work concerned with the mechanical properties of the bond coat alloys is very limited. Considering the importance of their mechanical characteristics to the TBC system, it has been of considerable interest in accurately determining the coating mechanical properties (Ref 32-34 ). The recently developed miniature specimen tests appear to have the potential to provide such measurements (Ref 35, 36) . The use of miniature test techniques to provide mechanical properties of various specimen types has been reviewed by Hyde et al. (Ref 37) . Depending on the types of the test, miniaturized specimens can be conventional sub-size uniaxial specimen, impression test specimen and small punch specimen, as shown in Fig. 2 (Ref 38) . Among various miniature specimen test methods, the small punch test (SPT) exhibits a particular interest in evaluating the mechanical properties of thin coatings since the thickness of the specimen can be close to the coatings (Ref 39) . The small punch test method is based on the deformation of disk-shaped specimens typically 8-10 mm in diameter and 0.25-0.5 mm in thickness at elevated temperatures to obtain the elastic-plastic and creep properties. With the development of small punch testing technique, clear interpretations of the deformation and failure mechanisms of bond coat alloys can be achieved, though some divergent viewpoints are raised. In spite of the limited mechanical property data collected on the bond coat alloys during the past few decades, a review of this information has not yet been conducted. Therefore, the aims of this paper are to give an overview in mechanical property measurement using small punch test method, to summarize and assess critically the literature on the mechanical properties of bond coat alloys and to propose possible future exploitation of small punch test methods for mechanical characterization of coatings.
Since the compositions, spray techniques and sample sizes of the bond coats can exert a profound influence on most mechanical properties, such information is reported when applicable. The term ''MCrAlY,'' unless specified, will be used for ease of generic discussions. Furthermore, different test methods where different sample sizes are required could produce discrepancies in terms of material property data. Direct comparisons of such data with different test methods are still under investigation. Thus, material property data should be considered with some caution due to the variations in test methods and sample sizes. It is important to address that the main emphasis of this paper is to focus on the small punch test method that can evaluate the mechanical and creep behavior of coatings. Numerical analysis of correlating the SPT data to the standard uniaxial test data, which has been reviewed previously (Ref [40] [41] [42] , falls outside the scope although they are lightly mentioned for qualitative evaluation of the coating properties.
Small Punch Test
Since the development of the small punch testing technique in early 1980s by Manahan et al., much attention has been paid to this unique test method where only a small volume of material is required (Ref [43] [44] [45] . The small punch test technique has been used for decades now for mechanical characterization of materials when analyzing small regions of structural components, such as creep-resistant alloys, heat-affected zones of welded joints and thin coatings (Ref 46) . The procedure of testing, the setup of the test rig and the required test specimen dimensions are specified in the European Code of Practice (Ref 47) . Figure 3 shows a schematic diagram of the small punch test rig (Ref 40) . Generally, the test under biaxial stress state is carried out by applying a ceramic ball ended punch or a hemispherical punch to one surface of the specimen which is firmly clamped between two circular dies. The displacement of the disk specimen or the movement of the punch is used as the results for the small punch test. There are two test configurations available: 1) under constant displacement rate and 2) under constant load. The former is similar to a constant strain rate controlled stress-strain test and is termed the displacement rate controlled small punch test, or more simply, small punch tensile test. The latter has similarities to the standard uniaxial creep tests under constant loads and is usually described as small punch creep test.
Small Punch Tensile Test
In the small punch tensile test (SPTT), the punch deforms the disk specimen at a given constant displacement rate (typically 1 lm/s) and load versus displacement is measured, as shown schematically in Fig. 4 for a ductile material characterized by different zones (Ref 47) . Zone I represents the initial elastic bending, followed by progressive extension of plastic bending (II) in which the changing of the curve is caused by the yield stress of the specimen. As the plastic bending deformation continues, a membrane behavior is achieved due to the balance of work hardening and stretching (III). After reaching the maximum load, the slope starts to decrease due to material thinning, softening and damage (IV). In further deformation of the specimen, localized necking and internal cracking are developed and macrocrack initiates, resulting the punch penetration at the center of the already cracked specimen (V). For a brittle material, the specimen will fail at small displacements at the early stage of the SPTT. This testing method has been predominately applied in investigating the mechanical properties, especially the DBTT, of various materials (Ref [48] [49] [50] [51] .
The yield load, F e , the maximum load, F m , and small punch fracture energy, E SP , shown in Fig. 4 are of interest for correlations with material properties. The yield load, F e , indicating the transition from elastic bending to plastic bending can be determined in many different ways since the transition between zone I and II of the curve is usually not clear, which has been detailed elsewhere . When plastic deformation occurs during the SPTT, it is generally accepted that the yield stress (r y ) can be approximated from the yield load (F e ) divided by the square of the initial specimen thickness (t 0 ). This can be expressed as (Ref [56] [57] [58] [59] :
where a 1 and a 2 are test constants depending on the dimensions of the test rig such as the punch diameter and the clamping distance. In the case of biaxial disk bending of a flat disk fixed at its circumference, the initial elastic biaxial strain at the center of the disk can be approximated as (Ref 60, 61):
where d is the displacement of the specimen. The elastic modulus can then be obtained by dividing the yield stress over the corresponding elastic biaxial strain. Similar to yield stress obtained from SPTT, the ultimate tensile strength (r uts ) is proposed to be related to the maximum load, F m , by the following equations, although some arguments still exist (Ref [62] [63] [64] : . The small punch ductile-to-brittle transition can also be characterized from the microscopic fractography which aligns with the distinctive changes of shape in the small punch load-displacement curves. This will be detailed in a later section to distinguish the onset of brittle and ductile behavior.
Small Punch Creep Test
In the small punch creep test (SPCT), a constant load is employed and the displacement versus time is analyzed. This is widely used for creep analysis as it is similar to conventional constant-load creep tests (Ref [66] [67] [68] [69] [70] . Typical small punch creep test curves in the form of increase in displacement with time are shown in Fig. 6 
(Ref 40).
It can be seen that there is a large initial and primary deformation region followed by an approximately linear, secondary region with a gradient, _ d min , which is the minimum displacement rate. Finally, an accelerating tertiary region leads to fracture. These curves show a 
where K sp is a non-dimensional correction factor to take account the localized necking during large strain deformation. It is believed to be material dependent and is usually found between 1 and 1.3. By using the above equations, the displacement obtained from SPCT can be converted to strain and the imposed stresses can be estimated. Other approaches are also proposed in the literature (Ref 71, 76) , but it has to be emphasized that due to the nature of biaxial loading in small punch tests, the stress and strain characteristics are very complicated. There is no universally accepted method for SPCT data interpretation available yet. Thus, the values calculated from the above equations in SPTT and SPCT may not be the exact stress and strain experienced by the specimen, but only as the first approximation. Though with the limitations of accurately estimating the stress and strain, the SPCT data are often characterized by a minimum creep strain rate, _ e min , which is converted from the minimum displacement rate, and the total time to failure, t f , at different applied stress using the Norton power law at constant temperatures (Eq 10), _ e min ¼ Br n ðEq 10Þ and the rupture power law (Eq 11),
The creep constants, n and v, obtained from the above two equations are often used to interpret the creep deformation and failure mechanism. Overall, the advantage of using the SPTT and SPCT is that the material property data can be obtained from a disk sample obtained directly by thermal spraying. Minor changes in microstructural features, such as volume fraction of the precipitate phases, oxide inclusions and unmelted particles, will in turn be expected to significantly affect the mechanical properties. Although there is no universally accepted route for converting the SPT results to equivalent uniaxial test data due to the complex loading and deformation behavior, ongoing work using finite element modeling is of interest to address this (Ref 40, 77) . Given the sensitivity of the bond coat microstructure to even small changes in thermal spray parameters (Ref 4), the SPT can be employed as a cost-effective and fastevaluating method to reckon the coating performance at elevated temperatures. Previous work has demonstrated that the SPT is able to generate reproducible and reliable comparative data on the mechanical behavior of bond coats 
Results from SPTT
The above data are from the monolithic samples rather than thin coatings. It is known that the coating thickness can have a profound effect on the strain tolerance and the defects in the monolithic bond coat alloy samples can accelerate cracking. Thus to determine the DBTT, the SPTT exhibits the unique advantages compared to the conventional bulk alloy testing in terms of small sample size and accuracy for thermally sprayed coatings. The typical load-displacement curves from SPTT at various temperatures for a CoNiCrAlY coating and a nickel aluminide coating are shown in Fig. 10 (Ref 85, 86 ). It can be seen that the curves at low temperatures (e.g., room temperature (RT), 400°C, 500°C) are predominately linear and show serrations prior to reaching the maximum load. The coating material exhibits little plasticity and microcracking occurs at low temperatures during SPTT. The serrations seen in Fig. 10(a) further support this view. At high temperatures, the curves are similar to the schematic diagram in Fig. 4 , exhibiting an increased plasticity with different deformation regions due to the ductility of the material increases. It has been noticed that the DBTT obtained from the SPTT decreases with smaller sample thickness for a given test apparatus and sample diameter, due to the decreased strain tolerance of smaller thickness can result in fast fracture without undergoing a complete elastic-plastic deformation region (Ref 64). Meanwhile, large testing discrepancies may occur when increasing the sample thickness due to reduced clearance between the deforming sample and the lower die, affecting the deformation mechanism (Ref 87 It is also shown that the SPTT can be an exciting mechanical testing method in determining the temperaturedependent mechanical properties of thin MCrAlY coatings, as shown in Fig. 11 
Fracture Modes
The typical fracture patterns following SPTTs at RT, 500, 600 and 700°C for a CoNiCrAlY bond coat are shown in Fig. 12 (Ref 86 ). There are four distinctly different fracture patterns, namely cracking with little deformation at RT in Fig. 12(a) , a five-star crack pattern at 500°C in Fig. 12(b) , a four-star crack pattern at 600°C in Fig. 12 (c) and peripheral cracking near the center of the specimen at 700°C in Fig. 12(d) . The fracture behavior at RT in Fig. 12(a) exhibits the crack initiation at the center of the disk and radial crack propagation with little deflection of the sample. The fracture pattern observed at 500°C is evidence of a crack which initiated at the center of the sample and propagated radially outwards to the clamping boundary, as highlighted by the circle in Fig. 12(b) . Cracking can be observed at the clamping boundary which shows little plastic deformation. At 600°C, the sample deformed plastically to a conical shape and the four-star crack pattern was seen in Fig. 12(c) . At 700°C, the sample plastically deforms to the shape of a spherical cap and cracking occurs near the tip in Fig. 12(d) . Micrographs of the fracture surfaces are shown in Fig. 13 (Ref 85, 86) . Flat regions are evident in Fig. 13 . It is proposed from these reported studies that the MCrAlY coating exhibits a mixed mode of transgranular and intergranular cracking at low temperatures and predominantly intergranular cracking at temperatures above DBTT. Nevertheless, it can be found that the DBTT from the SPTT agrees well with the previously reported data in Fig. 9 . Therefore, the SPTT can be regarded as one of the cost-effective and promising testing methods for mechanical characterization of bond coats, though some arguments still exist in terms of the accuracy and interpretation of the test results.
Creep Behavior Reported Creep Studies on MCrAlY Bond Coat Alloys
Data on creep properties of free-standing bond coats are somewhat scarce in the literature (Ref 100-103) . The available studies on creep of monolithic MCrAlY-type samples are summarized in Table 2 . Hebsur et al. carried out creep tests on 9-mm-thick NiCoCrAlY (PWA-276) alloys prepared by plasma spraying, in which it was reported that dislocation climb or viscous flow creep mechanism occurred between 660-850°C and grain boundary diffusional creep mechanism became dominant Table 2 , it can be seen that the stress exponents obtained over a broad temperature regime are between 2 and 8 though the sample sizes and manufacturing methods vary in different studies. To accurately measure the creep properties of thin coatings, Taylor et al. proposed a method for evaluating the creep properties of as-deposited MCrAlY coatings by using a coated tensile specimen, in which the overall strain/time response had to be deconvoluted to obtain the creep characteristics of the coating (Ref 110) . They claimed that thin coatings behaved differently from monolithic alloys of the same chemistry and the delamination between the coating and substrate needed to be carefully controlled. Fig. 14. The overall shape of the SPCT curves looks superficially similar to conventional uniaxial creep curves, exhibiting an instantaneous large deformation region, followed by a steady secondary region and an accelerating tertiary region leading to fracture. Similarly, the SPCT curves also change when increasing the applied load, where a reduction in the primary and secondary stages is resulted and fast fracture occurs. The comparison of the creep properties in Table 2 suggests the stress exponent, n, in the Norton power law equation for a CoNiCrAlY coating alloy is in the range of 3-5 from the conventional tests, while the stress exponent derived from SPCT is 7.9. For the power law (dislocation) creep, the stress exponent usually varies from 3 to 10 at lower-temperature region of the MCrAlY alloys (Ref 104) . The SPCT result is consistent with the mechanism proposed for this CoNiCrAlY coating alloy at 750°C, demonstrating its capability in assessing the creep properties of MCrAlY alloys in the form of thin coatings.
SPCT Fracture Surface Evaluation
During the SPCT, the punch progressively penetrates the disk specimen at intermediate loads and the gradual changes of the shape are shown typically in Fig. 15 (Ref  68) . It can be seen that the initial cone region is developed due to the large plastic deformation in the primary region. When initially loaded, the contact area between the spherical punch and the flat disk specimen is essentially a point. Thus, localized stresses at the point of contact are very high, which may well exceed the yield stress of the material, leading to an initial large deformation of the specimen. The cone region continues to grow as the punch moves further under constant load, during which the contact area between the punch and specimen increases. The steady secondary region is achieved by a balance of ''stiffening effects'' of the specimen due to the geometric shape changes and the ''softening effects'' due to the formation of voids and microcracks. The failure point is usually near the edge of contact between the punch and specimen, where localized necking and thinning have occurred. Figure 16 shows typical secondary electron images of the fracture surface when failure occurs at the edge of contact. The cone-shaped nature shown in Fig. 16 (a) further supports this view. Since it has been shown that the CoNiCrAlY coating undergoes a brittle to ductile transition between 500 and 700°C, the extensive creep deformation at 750°C is consistent with the evidence of matrix tearing seen in Fig. 16 . The unmelted particles produce large mechanical discrepancies in the coating, and the cracking is likely to be developed around the un-melted particles due to the limited particle bonding. Such defects resulted from the thermal spraying processes can cause detrimental effects to the coating creep life.
Failure Mechanism Investigation During SPCT
Cross section of the coating specimen which underwent creep deformation for 1000 h at 750°C in SPCT but prior to failure is shown in Fig. 17(a) . Material thinning and macroscopic cavities are found in region B. This is the area where the creep rupture is observed to be occurring during SPCT at approximately the edge of contact. Microstructure in the clamped region, A, is found to be essentially unchanged, as shown in Fig. 17(b) . The gray contrast features between region A and B are found to be full of cavities which are covered by internal oxides during the testing in air at 750°C. Linkage of these cavities is seen in Fig. 17 (c) due to the ''stretching effects'' occurred in this region. In Fig. 17(d) it is evident that local voids, cavities and cracks appear to have grown and propagated together to form a network of macroscopic cracks, leading to the final failure of the coating specimen. Figure 18 shows an EBSD-derived inverse pole figure and the corresponding phase map of an area taken from region B shown in Fig. 17 . It is shown that the creep cavitation voids nucleate at c/b interphase boundaries as well as at c/c grain boundaries, with the void linkage leading to final failure of the coating. This agrees well with the characteristics of intergranular failure seen in Fig. 16 . The stress exponent determined from SPCT (n SP = 7.9) is consistent with the creep failure mechanism proposed by Hebsur and Miner (Ref 104, 105) , suggesting that power law (dislocation) Considering the complicated stress-strain behavior of the biaxial loading in SPCT at elevated temperatures, numerical modeling work is ongoing to correlate the creep properties with the conventional uniaxial tensile creep test. Even so, the SPCT can be a reliable tool to rank different types of coatings given that the test configurations are carefully monitored. Since the creep behavior of the bond coat is very important to the durability of TBC systems, there are clearly considerable needs to determine creep properties of bond coats which are prepared by thermal spraying processes such as HVOF or LPPS and which have thicknesses as close as possible to those used in industrial TBC systems. Although it is clear that further work is necessary when using SPCT to determine the power law parameters for specific bond coat alloys, it is evident that the SPCT is a valuable tool to evaluate the creep behavior of thin coatings.
Summary
This overview is focused on the DBTT and creep properties of MCrAlY bond coats, with particular emphasis placed on the application of small punch testing to investigate such properties. Though the interpretation of the results obtained from small punch testing is strongly user driven, this miniaturized testing technique can act as a useful tool to evaluate the coating performance with coating thickness close to the industrial applications. At present, a primary area of interest is validating and demonstrating the deformation mechanisms in the small punch test and correlating the stress and strain with uniaxial testing. Indeed, data from this aspect are specifically excluded but have been reviewed elsewhere. Nevertheless, it is widely believed that temperature-dependent mechanical properties and creep rupture properties can be obtained from small punch test results. Fast evaluation of the coatings using small punch testing will enable more reliable and flexible developments of existing coatings and new coatings. Small punch tests are being developed to allow reasonable assessment of coating properties including yield, creep as well as fatigue . Such tests can be applied in the multilayer coating systems to investigate the role of different layers. With the aid of small punch tests, there are areas where additional work can be conducted for the future to mechanically characterize thermally sprayed coatings and these are typified as:
1. Standardization of the small punch test details for coatings to ensure the reproducibility and accuracy. 2. Correlation with the uniaxial stress and strain to allow more sound interpretation of small punch test results for coatings. 3. Optimization on the microstructure characteristics, mechanical properties and manufacturing parameters of thermally sprayed coatings.
4. Investigation of the interaction of different layers in the multilayer TBC systems such as the TGO, bond coat, interdiffusion zone and substrate. 
